We have investigated the polarization of attosecond light bursts generated by nanobunches of electrons from relativistic few-cycle laser pulse interaction with the surface of overdense plasmas. Particle-in-cell simulation shows that the polarization state of the generated attosecond burst depends on the incident-pulse polarization, duration, carrier envelope phase, as well as the plasma scale length. Through laser and plasma parameter control, without compromise of generation efficiency, a linearly polarized laser pulse with azimuth θ i = 10 • can generate an elliptically polarized attosecond burst with azimuth |θ r atto | ≈ 61 • and ellipticity σ r atto ≈ 0.27; while an elliptically polarized laser pulse with σ i ≈ 0.36 can generate an almost circularly polarized attosecond burst with σ r atto ≈ 0.95. The results propose a new way to a table-top circularly polarized XUV source as a probe with attosecond scale time resolution for many advanced applications. 
Introduction
Compared to the high-order harmonic generation (HHG) from noble gases, HHG from plasma surfaces [1] does not subject to the limitation of maximum applied laser intensity and can thus use the state-of-the-art terawatt and petawatt laser technology. Since the availability of powerful lasers with intensity-wavelength squared > 10 16 Wcm −2 µm 2 , much work [2] [3] [4] [5] [6] [7] [8] [9] has been done with different laser technologies. Currently, measurements with controlled laser and plasma parameters [7] on HHG has found remarkable spatial features [10], high brightness [11] , as well as attosecond (as) duration [12] , making it potentially useful to pump-probe experiments [13] .
On the other hand, circularly polarized light in the extreme ultra violet (XUV) and soft xray regions has proven to be very useful for applications including the direct measurement of quantum phases in graphene and topological insulators [14, 15] , the XUV magnetic circular dichroism spectroscopy [16, 17] , as well as the reconstrcution of band structure and modal phases in solids [18] . Currently, such radiation is mainly available at the large scale synchrotron sources and the time resolution is far below the sub-laser cycle time scale, limiting its wide availability and time resolving power. Although XUV optics in general can be used to convert XUV polarization [19] ; its bandwidth is typically narrow and transmission efficiency is not high. There is strong motivation to directly realize a table-top circularly polarized attosecond XUV source by using laser. Some recent breakthroughs [20] has been made in HHG from noble gases. An attosecond XUV source by HHG from plasma surfaces has the potential to further improve attosecond burst energy. It is timely for us to investigate the polarization of harmonics generated from plasma surfaces and to expore how to efficiently generate a circularly polarized attosecond light burst in the XUV region.
Polarization of the harmonics is one of the basic properties regularily investigated in HHG from plasma surfaces. Many authors have considered the dependence of the harmonic intensity and polarization state on the incident laser pulse [5, 9, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Three mechanisms of harmonic generation, namely relativistic oscillating mirror (ROM) [25, 31] , coherent wake emission (CWE) [32] , and coherent synchrotron emission (CSE) [33, 34] , have been identified. With ROM, the high-order harmonics are purely doppler upshifted reflections from the oscillating plasma surface and their polarization more or less follows that of the incident laser. With CWE, because of linear mode conversion, only the p−polarized component of the laser field is effective, so that the resulting harmonics are also p−polarized and their intensity is proportional to the cosine of the polarization angle [9] . There exists still not much investigation on the polarization of the harmonics from the CSE mechanism. Yeung et al. [28] experimentally investigated the polarization dependence of relativistic laser-driven high-harmonic emission from thin foils in the CSE context for the normal incidence in transmission geometry. The resulting polarization of the harmonics was found to be similar to that of the ROM harmonics.
In this paper we investigate the polarization of CSE harmonics for the oblique incidence in reflection geometry. The dependence of the polarization state of the attosecond light bursts on that of the driver laser pulses is investigated for the first time to the best of our knowledge. Based on this study, we propose a new way to generate attosecond burst with circular polarization or at least with elliptical polariation and a high degree of ellipticity. The structure of the paper is organized as follows: In Sec. 2, we summarize the general representation of light polarization state. In Sec. 3, we discuss properties of attosecond light bursts in a typical interaction scenario. In Sec. 4, we analyze the energy coupling process revealing the underlying physics as proposed in our previous work [35] . Sec. 5 is to the study of the parametric dependence. At last, our work is concluded and its applicability is discussed in Sec. 6.
Representation of light polarization
In a right-handed coordinate system, a generally elliptically polarized light pulse propagating along x-axis is described by [36] 
HereẼ and φ are the pulse ampltitude and the absolute phase.ê ρ = (cos θ cos ε − j sin θ sin ε)ŷ + (sin θ cos ε + j cos θ sin ε)ẑ is the polarization vector with θ the azimuth angle limited to the range −π/2 ≤ θ < π/2, and ε the ellipticity angle to the range −π/4 ≤ ε ≤ π/4. For light pulse propagating in positive (negative) x-direction, ε > 0 corresponds to right-hand (left-hand), while ε < 0 corresponds to left-hand (right-hand) elliptical polarization, when looking against its propagation direction.
A Stokes vetor S = [S 0 , S 1 , S 2 , S 3 ] is often used to describe light polarization state,
where < v > signifies the time average of v:
T 0 vdt, with T an interval of time long enough to make the time-average integral independent of T itself. The azimuth θ and ellipticity angle ε are calculable from these Stokes parameters,
The ellipticity of the polarization ellipse σ is related to ε through,
It is limited to the range −1 ≤ σ ≤ 1. An alternative description of light polarization is through a complex parameter χ, defined as:
, it is connected to θ and ε through, 
Properties of attosecond light bursts in a typical interaction scenario
As in FIG. 1, we consider a plane wave laser pulse incident obliquely onto a plane plasma layer at incidence angle α. The plasma layer has initially only one dimensional density distribution along its surface normal. The physics is Lorentz transformed into one boosted frame by using the Boudier's technique [37] where the problem is 1D. The boosted frame is chosen such that x-axis points from the laser to the plasma, perpendicular to the plasma surface and the y-axis lies in the plane parallel to the target surface. It has a velocity of v 0 =ŷc sin α with respect to the Lab-frame, where c is the vacuum light velocity. Thus, the electrons and ions initially at rest in the lab frame have the same drift velocity −ŷc sin α in the boosted frame. θ and ε are invariants under the Lorentz boost. In this paper, unless otherwise stated, all the variables are from the boosted frame. The simulation is performed using the 1D PIC code LPIC++ [25] . The incident laser pulse at x = 0 is assumed to have a Gaussian temporal profile with the normalized electric field given by E i
and φ i (t) = 2πt + ϕ CEP . E L is the peak laser field normalized by mcω L /e; m, ω L and e, the electron rest mass, laser fundamental frequency and electron charge respectively.τ L is the intensity fullwidth-half-maximum (FWHM) laser pulse duration normalized to laser period T L . Throughout this paper we assume E L ≈ 10, which corresponds to a laser intensity of 2 × 10 20 W/cm 2 for a laser central wavelength λ L of 800 nm. The density profile of the interacting plasma has an exponential interface layer in the front with scale length of L. It rises from 0.2n c up to a maximum of 90n c and then it is followed by a 2λ L thick constant density distribution, where n e and n i are electron and ion fluid densities normalized by critical density n c at ω L . A simulation box with a total length of 12λ L is aligned on the x axis from x = 0 to x = 12λ L . The 2λ L thick plasma with flat top density is located between x = 9λ L and x = 11λ L . The laser pulse is incident onto the plasma layer at an angle of α = 45 • . The simulations are performed for moving ions with charge number Z = 10 and ion to electron mass ratio m i /m e = 50000. The resolution is ∆x = 10 −3 λ L and ∆t = 7.07 × 10 −4 T L , with 900 particles per cell for both electrons and ions at the highest density 90n c . The reflected laser field is written as E r 
atto (t p = t m ) ≈ 0.27, and χ r atto (t p = t m ) ≈ −1.35 + 0.93 j. The corresponding polarization ellipse is approaching linear polarization and its major axis quite off the original 10
• for the incident laser pulse (|θ r atto (t p = t m )| ≫ |θ i |). The gated field from each polarization is fourier transformed into the corresponding spectral power density (SPD) and shown in FIG. 2 (d) . It's apparent that the spectral power law roll-off scaling of the s-polarized harmonics (∼ −4/3) is much shallower than that of the p-polarized harmonics (> −8/3) and the SPD values for both polarizations at 10th harmonic order are comparable. In addition, we find out that the overall s-polarized radiation energy is around 7 times that from the incident pulse indicating a strong energy transfer from p-to s-polarization in the emission process.
Energy coupling analysis
The characteristics of the reflected field in the previous section can be well explained by the CSE model [33] , in which highly dense electron nanobunches are formed and copropagate with the laser wavefront. The stored energy in these nanobunches couple efficiently to the radiative electromagnetic modes and thus generates harmonics that are phase synchronized and synthesize into single electromagnetic bursts with attosecond duration. The entire emission process happens on the sub-cycle and sub-wavelength scales of the laser.
In the CSE context, a single particle picture [33, 34] is appropriate. The equations governing electrons are
and E x are electromagnetic and electrostatic fields normalized by mcω L /e. a is the vector potential normalized by mc 2 /e and is related to E ⊥ and B ⊥ through
Lx × ∂ x a using Coulomb gauge, p ⊥ and p x are the transverse and x-component electron fluid momenta normalized by mc, and γ is the relativistic factor, E ⊥ (x,t) and B ⊥ (x,t) can be obtained from the simulation. They are separable into the forward (positive x) and backward (negative x) propagating fields using the spectral method, ⊥ (x,t) evolve inside plasma during the emission and are thus different from E i ⊥ (x,t) and E r ⊥ (x,t) which are assumed to freely propagate in infinite space without damping. The force responsible for the emission of the reflected field in the equation for d t (xp x ) can be written as
with the third and fourth terms the rate of energy exchange from backward radiation to electrons by the direct electric force and the ponderomotive force respectively. The latter is well-known for its role in secular energy exchange between the electrons and the laser light. When the ponderomotive force is in the direction of electron motion, the electrons get energy from the laser field and light is absorbed and when it is in the • |). The temporal structures as well as the SPDs for this burst is shown in FIG. 6 (a) and (b). For elliptically polarized light with small ellipticity, the generated attosecond burst is almost circularly polarized. The XUV conversion efficiencies are shown in FIG. 5 (c) . We see that all the curves are symmetric about σ i = 0. When the incident pulse is purely p-polarized
When it is rotated off p-polarization, the p-polarized harmonic energy decrease monotonically while the s-polarized one increases first and then decreases again. There exists a σ i range where the overall efficiency η t almost does not change. We note that, for the case where the generated attosecond burst is circularly polarized, the XUV conversion efficiency is comparable to that of a p-polarized driver (θ i = ε i = 0). Although in principle, a normally incident circularly polarized laser can also generate a circularly polarized attosecond burst [41] . However, the requirements on the driving laser pulse is demanding and the XUV conversion efficiency is much lower than the corresponding oblique incidence case.
It is known that the carrier envelope phase (CEP), the driver pulse duration, and the plasma scale length can all affect the efficiency of harmonic generation [35] In FIG. 7 , we compare 
An energy amplification as high as Γ ≈ 8.7 has been found for 5 fs driver pulse at optimum scale length for both CEPs. For a longer driver pulse where τ FWHM = 25 fs, the CSE is not the dominated HHG process [35] ; it experiences a weaker amplification Γ ≈ 3.3 at optimum. This energy amplification is a clear evidence of energy exchange from the streaming electrons to the scomponent of the reflected laser field. The calculation is repeated for E yL = 10 and E zL = 0.1. In this case all the curves shown almost retain their shapes, although the |χ r train | values in (a) decrease.
discussions and conclusions
To conclude, we have investigated the polarization properties of attosecond light bursts as well as its parametric dependence, for the CSE harmonic generation in the "oblique incidence in reflection" geometry. A detailed energy coupling analysis is done to reveal the underlying physics: the effect of ponderomotive force on electron nanobunches determine the polariza- tion state of the generated attosecond light bursts. Our results help understanding the characteristics of laser-plasma based attosecond light sources, especially for diagnosing and optimizing the interaction parameters for polarization controlled isolated ultrabright attosecond light bursts.
Based on the results, we propose that, if the laser and plasma parameters (pulse duration, carrier envelope phase, plasma scale length) are controlled, through the manipulation of the polarization state of the driver laser pulse, we can generate an intense circularly polarized attosecond light burst from plasma surfaces which would benefit to many advanced applications.
Due to the computation complexity, the analysis done in this work is limited to situation convertible into 1D problems. However, the underlying physics is so enlightening that we believe, although detailed dependencies are changable due to multi-dimensional effects in real experiments, we can still expect the same conclusion.
